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Abstract
5D supergravity generically has moduli other than the radion that belong to 5D
vector multiplets. We summarize the impacts of such non-geometric moduli on 4D
effective theory of 5D supergravity on S1/Z2. We mainly discuss the structure of
the effective Ka¨hler potential including the one-loop quantum corrections. As an
illustrative example, we construct a model in which the size of the extra dimension
is stabilized at an exponentially large value compared to the Planck length, which is
similar to the LARGE volume scenario in string theory.
∗E-mail address: sakamura@post.kek.jp
†E-mail address: yuusuke-yamada@asagi.waseda.jp
1 Introduction
Five-dimensional supergravity (5D SUGRA) compactified on an orbifold S1/Z2 has been
thoroughly investigated since it is the simplest setup for supersymmetric (SUSY) extra-
dimensional models, and it can appear as an effective theory of string theory [1, 2]. Besides,
SUSY extensions of the Randall-Sundrum model [3] are also constructed in 5D SUGRA
on S1/Z2 [4, 5, 6].
When we construct phenomenological models based on 5D SUGRA, the size of the
extra dimension must be stabilized at finite values. The corresponding modulus field is
often referred to as the radion, and it belongs to a chiral multiplet in four-dimensional
(4D) effective theories. Since the radion multiplet Trad often plays a significant role in the
mediation of SUSY breaking to our visible sector, it is crucial to specify the Trad-dependence
of the effective action. This issue was discussed in Refs. [7, 8, 9].
Here we should note that 5D SUGRA generically has other moduli whose masslessness
at tree level is ensured by shift symmetries. Such moduli might also be the geometric
moduli of more fundamental theories in higher dimensions, but from the viewpoint of 5D
SUGRA, they are just massless scalar fields (at least at tree level). If such non-geometric
moduli exist, they generically mix with the radion to form supermultiplets. The mixing is
characterized by a cubic polynomial, which is referred to as the norm function [10, 11, 12].
This corresponds to the prepotential in 4D N = 2 SUSY gauge theories. However, most
models based on 5D SUGRA studied so far implicitly assumed that the non-geometric
moduli do not exist. In our previous works [13]-[21], we have investigated various proper-
ties of 4D effective theories for generic 5D SUGRA, including the non-geometric moduli.
However our discussions involve somewhat complicated technical aspects since we have
worked in the superconformal formulation [10, 11, 12, 22] to deal with generic 5D SUGRA.
In this paper, we would like to emphasize the impacts of the non-geometric moduli
on effective theories of 5D SUGRA by summarizing the results obtained so far without
going into technical details. Especially we focus on the differences from the conventional
results [7, 8, 9] that do not include the non-geometric moduli. We also construct a simple
model with multi moduli that dynamically realizes a large extra dimension [23] as an
illustrative example. It is interesting to note that this model is similar to the LARGE
volume scenario in string theory [24, 25] although no stringy effects are necessary in our
model.
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The paper is organized as follows. In Sec. 2, we provide a compact review of 5D
SUGRA action with boundary-localized terms. In Sec. 3, we show the results about the
tree-level Ka¨hler potential. Many of them have been obtained in our previous works, but
it is worthwhile to summarize them in an organized way. In Sec. 4, we discuss the one-
loop Ka¨hler potential. We see that our formula is consistent with other related works,
and construct a simple model that realizes the large extra dimension dynamically. Sec. 5
is devoted to the summary. In Appendix A, we provide the definitions of matrices that
characterize the vector sector. In Appendix B, we listed the definitions of functions in the
formula for the one-loop Ka¨hler potential.
2 Set-up
We consider 5D SUGRA with generic prepotential, compactified on an orbifold S1/Z2. We
take the fundamental region of S1/Z2 as 0 ≤ y ≤ L, where y is the coordinate of the extra
dimension. The constant L is not the physical size of the extra dimension unless 〈e 4y 〉 = 1.
2.1 Field content
5D SUGRA has the following supermultiplets,1 which are decomposed into N = 1 super-
fields.
Hypermultiplet
A hypermultiplet is decomposed into two chiral superfields, which have opposite
orbifold Z2-parities. The hypermultiplets are divided into two classes, i.e., the com-
pensator multiplet (ΦC ,Φ
c
C) and the physical matter multiplets (Qa,Qca), where the
index a labels gauge multiplets. The former is an auxiliary multiplet and eliminated
by the superconformal gauge fixing.2 The Z2-parities of the N = 1 superfields are
shown in Table I.3 Only the Z2-even superfields (ΦC ,Qa) have zero-modes (φC , Qa).
Vector multiplet
A vector multiplet VI (I = 1, 2, · · · , nV ) is decomposed into N = 1 vector and chiral
1 We do not consider the tensor multiplets, which are discussed in Refs. [12, 26].
2 In this paper, we assume that the number of the compensator multiplets is one, and have defined
each N = 1 superfield so that the Weyl weight of ΦC is one and the others have zero weights. (See (A.2)
in Ref. [19], for example.)
3 We assume that each N = 1 superfield has the same Z2-parity at both boundaries, for simplicity.
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5D multiplet Hypermultiplet Vector multiplet
Role compensator matter moduli gauge
N = 1 superfield ΦC Φ
c
C Qa Qca V Io ΣIo V Ie ΣIe
Z2-parity + − + − − + + −
Zero-mode φC Qa T
Io V Ie
Table I: The decomposition of 5D supermultiplets into N = 1 superfields. The orbifold
Z2-parities of the N = 1 superfields are also shown. Only the Z2-even superfields have
zero-modes that will appear in 4D effective theory.
superfields (V I ,ΣI), which have opposite Z2-parities. The vector multiplets are also
divided into two classes according to their Z2-parities. One is a class of the gauge
supermultiplets, which are denoted as VIe (Ie = 1, · · · , nVe). In this class, V Ie are
Z2-even and have zero-modes that are identified with the gauge superfields in 4D
effective theory. The other is a class of the moduli multiplets, which are denoted as
V
Io (Io = 1, · · · , nVo). In this class, the chiral superfields ΣIo have zero-modes T Io,
which are referred to as the moduli superfields in this paper. At least one vector
multiplet belongs to the latter class, whose vector component is identified with the
graviphoton.
Besides the above supermultiplets, we have the gravitational multiplet, or the Weyl
multiplet in the superconformal formulation. It has to be taken into account when the
one-loop correction is evaluated [21].
The gauge-invariant field-strength superfields are defined as 4
Wα ≡ 1
4
D¯2
(
eVDαe
−V )+ · · · ,
V ≡ eV ∂ye−V + Σ + eVΣ†e−V + · · · , (2.1)
where the ellipses denote terms involving the gravitational superfields [20]. We have used
a matrix notation (V,Σ) ≡ (V I ,ΣI)tI , where the hermitian generators tI act on (ΦC ,Qa)
and contain gauge coupling constants. The gauge supermultiplets (Ve,Σe) ≡ (V Ie,ΣIe)tIe
are divided into the sum of the matrices (Vr,Σr), where r labels the simple or Abelian
factors of the gauge group. In this paper, we assume that the gauge groups for the mod-
uli multiplets VIo are Abelian, and ΦC and Qa have charges −3kIo and −2daIo for VIo ,
4 Note that V is not hermitian, but e−V2 Ve V2 is.
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respectively. Namely, the corresponding generators tIo are
tIo = −3kIoPC ⊕
⊕
a
(−2daIo ⊗ 1na) . (2.2)
where PC is a projection operator onto ΦC , and na denotes the dimension of the gauge-
group representation that Qa belongs to. The gauge coupling constants kIo and daIo induce
the 5D cosmological constant and 5D bulk masses for (Qa,Qca), respectively. These coupling
constants are Z2-odd. Such kink-type couplings can be realized in SUGRA context by the
mechanism proposed in Ref. [27].
The vector sector is characterized by a cubic polynomial N (V), which is referred to as
the norm function. This is defined as
N (V) ≡ cvc
3
tr (tI {tJ , tK})VIVJVK , (2.3)
where the real constant cvc can take different values for each simple or Abelian factor of
the gauge group. Eq.(2.3) must be Z2-even, and thus can be rewritten in the following
form.
N (V) =
∑
r
CrIoVIotr(V2r ) + Nˆ (VIo), (2.4)
where CrIo are real constants, and the second term is a cubic function of only VIo.
2.2 5D Lagrangian
Since only N = 1 SUSY is preserved by the orbifold projection, it is convenient to express
5D Lagrangian in terms of the N = 1 superfields in Table I. It is an extension of Ref. [28] to
the local SUSY case. Besides couplings to the gravitational superfields,5 the 5D Lagrangian
is expressed as [16, 29]
L = −
∫
d4θ 3 |ΦC |2N 1/3(V)e2k·V˜
×
{
1 + e−6k·V |ΦcC |2 −
∑
a
(
e2da·VQ†ae−VeQa + e−2da·VQc†a (eVe)tQca
)}2/3
+
[∫
d2θ 2Φ3C
{
(∂y − 3k · Σ)ΦcC −
∑
a
Qta
(
∂y − (2da + 3k) · Σ + Σte
)Qca
}
+ h.c.
]
+Lvc + 2
∑
y∗=0,L
L(y∗)bd δ(y − y∗), (2.5)
5 Terms involving the gravitational superfields are listed in Ref. [20].
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where k · V ≡ kIoV Io , da · V ≡ daIoV Io, · · · , and Lvc contains the kinetic term for V and
the Chern-Simons term. In the Wess-Zumino gauge, Lvc is written as [28, 30]
Lvc ≡ −
∫
d2θ cvctr
[
ΣW2 − 1
24
D¯2 ({V, ∂yDαV } − {∂yV,DαV })
(
Wα − 1
4
W(2)α
)]
+h.c., (2.6)
where W(2)α is a quadratic part of Wα in V . The fractional powers in (2.5) appear after
integrating out an auxiliary superfield in the 5D gravitational multiplet [29].
The boundary Lagrangian L(y∗)bd (y∗ = 0, L) is expressed as
L(y∗)bd = −
[∫
d2θ
∑
r
1
2
f (y∗)r(Q, qy∗)tr
(W2r )+ h.c.
]
+
∫
d4θ |ΦC |2Ω(y∗)(Q, qy∗ , V ) +
[∫
d2θ Φ3CW
(y∗)(Q, qy∗) + h.c.
]
, (2.7)
where f (y∗)r and W (y∗) are holomorphic functions and Ω(y∗) is a real function. The bulk
superfields are evaluated at y = y∗, and qy∗ denotes 4D chiral superfields localized at y = y∗.
The warp factor does not appear explicitly in the above expressions since it can be
absorbed by using the dilatation, which is a part of the superconformal symmetry that is
respected in our formulation.
3 Effective theory at tree level
Following the procedure developed in Refs. [16, 18, 19], we can derive 4D effective La-
grangian at tree level for the 5D theory (2.5), which is expressed in the following form.
Leff = −
[∫
d2θ
∑
r
1
2
f reff(Q, T )tr
(W2r )+ h.c.
]
+
∫
d4θ |φC |2Ωeff(|Q˜|2,ReT ) +
[∫
d2θ φ3CWeff(Q, T ) + h.c.
]
, (3.1)
where |Q˜a|2 ≡ Q†ae−VeQa. Here we omit the 4D boundary superfields qy∗ in this section.
The effective gauge kinetic functions and superpotential are given by
f reff(Q, T ) = C
r
IoT
Io + f (0)r(Q) + f (L)r(e−da·TQa),
Weff(Q, T ) = W
(0)(Q) + e−3k·TW (L)(e−da·TQa). (3.2)
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The matter fields Qa can appear in f
(y∗)r only through the gauge-singlet combinations.
The effective Ka¨hler potential Ωeff = −3e−Keff/3 has a more complicated structure. We will
explain it in the next two subsections.
Here let us comment on the physical size of the extra dimension Lphys. The relation
between the 4D and 5D Planck masses MPl and M5 is M
2
Pl = M
3
5Lphys.
6 In the 4D
Einstein frame, the compensator scalar φC is fixed as 〈|φC |2Ωeff〉 = −3M2Pl [31]. On the
other hand, the gauge-fixing condition for the 5D Einstein frame is 〈|ΦC |2〉 = M35 [13].
In our derivation of (3.1), it follows that 〈φC〉 = 〈Φ2/3C 〉 [16]. Therefore, we find that
Lphys = (−〈Ωeff〉/3)3/2/MPl. In the rest of this paper, we will basically take a unit of MPl.
3.1 Flat spacetime
The flat 5D spacetime is realized when the compensator multiplet is neutral for the moduli
multiplets, i.e., kIo = 0.
In the single modulus case (nVo = 1), the effective Ka¨hler potential Ωeff can be easily
calculated as [29]
Ωeff = Ω
(0)(Q, V ) + Ω(L)(e−daTradQa, V )
−3ReTrad +
∑
a
1− e−2daReTrad
da
|Q˜a|2 +
∑
a,b
1− e−2(da+db)Re Trad
6(da + db)
|Q˜a|2|Q˜b|2
+O(Q6), (3.3)
where da ≡ da1 are the bulk masses for (Qa,Qca) in the unit of M5, and Trad ≡ T 1 is
the radion superfield. The first line is the contributions of the boundary terms, and the
second line is from the bulk. The first term in the second line is the well-known radion
Ka¨hler potential [7]. The second term is relevant to the realization of the hierarchy among
Yukawa couplings for the matter fields Qa after the canonical normalization. The third
term contributes to the soft SUSY-breaking masses when some of Qb are SUSY-breaking
superfields with non-vanishing F-terms.7
In the multi moduli case (nVo ≥ 2), (3.3) is modified as
Ωeff = Ω
(0)(Q, V ) + Ω(L)(e−da·TQa, V )
−3Nˆ 1/3
{
1− 2
3
∑
a
Yda|Q˜a|2 +
∑
a,b
Ω˜
(4)
a,b|Q˜a|2|Q˜b|2
}
+O(Q6), (3.4)
6 We neglect the contributions from the boundary terms.
7 The induced soft masses turn out to be tachyonic in the single modulus case [32]. Related issues are
also discussed in Ref. [33].
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where
Yd(ReT ) ≡ 1− e
−2d·Re T
2d ·ReT ,
Ω˜
(4)
a,b(ReT ) ≡
(da · PV a−1 · db) {Yda+db − YdaYdb}
3(da ·ReT )(db · ReT ) −
Yda+db
9
. (3.5)
A matrix aIJ and a projection operator PV are defined in (A.1) and (A.3), respectively [10].
Here and henceforth, the arguments of the norm function Nˆ and its derivatives are under-
stood as (ReT Io). The radion superfield Trad is identified as
Trad =
〈
NˆIo
3Nˆ 2/3
〉
T Io, (3.6)
where 〈· · ·〉 denotes the vacuum expectation value (VEV). The effective theory in this case
has the following properties.
• Since the size of the extra dimension is Lphys = 〈Nˆ 1/2〉 = (Re 〈Trad〉)3/2, the Kaluza-
Klein (KK) mass scale is provided by mKK = π/〈Nˆ 1/2〉, which is regarded as the
cutoff scale of 4D effective theory.
• Note that the matter-independent part Ωmodulieff = −3Nˆ 1/3 is expanded as
Ωmodulieff = −3
{
〈Nˆ 1/3〉+
〈
NˆIo
3Nˆ 2/3
〉
Re T˜ Io
+
〈
3Nˆ NˆIoJo − 2NˆIoNˆJo
18Nˆ 5/3
〉
(Re T˜ Io)(Re T˜ Jo) +O
(
(Re T˜ )3
)}
= −3ReTrad +
〈
Nˆ 1/3(a · PV )IoJo
〉
(ReT Io)(ReT Jo) +O
(
(Re T˜ )3
)
, (3.7)
where T˜ Io ≡ T Io−〈T Io〉. The first term is the radion Ka¨hler potential, which already
appeared in the single modulus case (3.3), while the second term represents the kinetic
terms for the non-geometric moduli. As we can see from (3.7), if we single out the
radion Trad from the moduli T
Io and treat it separately, the projection operator PV
appears in the kinetic terms for the other moduli, which makes awkward to treat
them. Thus it is convenient to treat all the moduli on equal footing in the multi
moduli case.
• The moduli Ka¨hler potential Kmodulieff = −3 ln(−Ωmodulieff /3) = − ln Nˆ , and has the
no-scale structure. Thus the potential for the moduli is not generated at tree level.
The one-loop correction breaks this structure, as we will see in the next section.
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• The first term in Ω˜(4)a,b is peculiar to the multi moduli case. It is induced by integrating
out the non-geometric moduli, and can significantly affect the sfermion masses for
the bulk matter fields. In fact, we have pointed out that non-tachyonic and approx-
imately flavor universal sfermion masses are naturally obtained when the fermion
mass hierarchy is realized by the wave function localization [18].
3.2 Warped spacetime
Next we consider a case that the compensator multiplet is charged for the moduli multiplets,
i.e., kIo 6= 0. In this case, the background spacetime has a nontrivial warped geometry.
In the single modulus case, it becomes the Randall-Sundrum spacetime [4, 5, 6],
ds2 = e−2kyηµνdxµdxν − dy2, (µ, ν = 0, 1, 2, 3) (3.8)
where k ≡ k1 is the AdS curvature scale in the unit of M5. The effective Ka¨hler poten-
tial Ωeff is obtained as
Ωeff = Ω
(0)(Q, V ) + e−2kReTradΩ(L)(e−daTradQa, V )
−3ReTrad
{
Yk −
∑
a
2Yk+da
3
|Q˜a|2 −
∑
a,b
Yk+da+db
9
|Q˜a|2|Q˜b|2
}
+O(Q6). (3.9)
The matter-independent term in the second line is the well-known radion Ka¨hler poten-
tial [8, 9]. The expression (3.9) will reduce to (3.3) in the limit k → 0 since limk→0 Yk = 1.
In the multi moduli case, on the other hand, it is much more difficult to derive Ωeff . In
our previous work [19], we derived it under the condition,
〈k · PV 〉 = 0, (3.10)
as
Ωeff = Ω
(0)(Q, V ) + e−2k·ReTΩ(L)(e−da·TQa, V )
−3Nˆ 1/3
{
Yk −
∑
a
2Yk+da
3
|Q˜a|2 +
∑
a,b
Ω˜
(4)
a,b|Q˜a|2|Q˜b|2
}
+O(Q6), (3.11)
where
Ω˜
(4)
a,b =
(da · PV a−1 · db)
{
Yk+da+db −
YdaYdb
Y
−k
}
3 {(k + da) · ReT} {(k + db) · ReT} −
Yk+da+db
9
. (3.12)
The corresponding background geometry is the Randall-Sundrum spacetime (3.8). The
first term in (3.12) is peculiar to the multi moduli case, just like in the case of the flat
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spacetime. The condition (3.10) indicates that the compensator is charged only for the
graviphoton (A.2), which is the N = 2 superpartner for the radion (3.6). However, this
condition does not seem to be natural because it is a relation between the parameters
of the theory kIo and the VEVs of the moduli. This means that the Randall-Sundrum
spacetime is only a special limit in the multi moduli case. This is because the background
field configuration of the non-geometric moduli generically contribute to the spacetime
geometry. We need some moduli-stabilization mechanism that realizes (3.10) dynamically
in order to justify (3.11).
For arbitrary choices of kIo , an explicit form of Ωeff is known only in the case that the
norm function is monomial. Thus consider a case that
Nˆ (V) = (V1)2V2. (3.13)
Then we obtain the moduli Ka¨hler potential as [29]
Ωeff = −3Nˆ 1/3Y 2/33
2
k1
Y
1/3
3k2
+O(Q2), (3.14)
and the corresponding background geometry is
ds2 = e2σ(y)ηµνdx
µdxν − e−4σ(y)dy2,
e2σ(y) =
(
3k1y +
〈
3k1Nˆ 1/3
e3k1ReT 1 − 1
〉)2/3(
6k2y +
〈
6k2Nˆ 1/3
e6k2ReT 2 − 1
〉)1/3
. (3.15)
Since Lphys = −〈Ωeff〉/3, the KK mass scale is mKK = π/〈Nˆ 1/3Y 2/33
2
k1
Y
1/3
3k2
〉. The condi-
tion (3.10) now becomes k1Re 〈T 1〉 = 2k2Re 〈T 2〉 (see (A.5)), and under this condition,
(3.15) becomes the Randall-Sundrum metric (3.8) after the coordinate redefinition.
The matter-dependent terms are more complicated even in the case of the simple norm
function (3.13), but they are reduced to simpler forms in some limits. In the k2 = da2 = 0
case, the bulk contribution to Ωeff is obtained as
Ωbulkeff = −3Nˆ 1/3Y 2/33
2
k1
(3.16)
×
{
1−
∑
a
2Yda1+ 32k1
3Y 3
2
k1
|Q˜a|2 −
∑
a,b
Yda1+ 32k1
Ydb1+ 32k1
9Y 23
2
k1
|Q˜a|2|Q˜b|2
}
+O(Q6),
and in the k1 = da1 = 0 case, it becomes
Ωbulkeff = −3Nˆ 1/3Y 1/33k2
{
1−
∑
a
2Yda2+3k2
3Y3k2
|Q˜a|2 +
∑
a,b
Ω˜
(4)
a,b|Q˜a|2|Q˜b|2
}
+O(Q6), (3.17)
10
where
Ω˜
(4)
a,b =
Yda2+db2+3k2
3Y3k2
− 4Yda2+3k2Ydb2+3k2
9Y 23k2
. (3.18)
In the flat limit k1, k2 → 0, both (3.16) and (3.17) are reduced to (3.4) with the norm
function (3.13). For arbitrary gaugings, the matter-dependent part of Ωbulkeff becomes much
more complicated, and is calculated as
Ωbulkeff = −3N 1/3Y 2/33
2
k1
Y
1/3
3k2
[
1−
∑
a
2X
3Y 3
2
k1
|Q˜a|2 +O(Q4)
]
, (3.19)
where
X (ReT ) ≡ −
∫ −ReT 1
0
dU
e(2da1+3k1)U
ReT 1
(A+ e3k1U
A+ 1
) da2
3k2
= − 1
(2da1 + 3k1)ReT 1
( A
A+ 1
) da2
3k2
×
[
e(2da1+3k1)U 2F1
(
1 +
2da1
3k1
,− da2
3k2
, 2 +
2da1
3k1
;−e
3k1U
A
)]−ReT 1
0
,
A(ReT ) ≡ e
−6k2ReT 2 − e−3k1ReT 1
1− e−6k2ReT 2 . (3.20)
Here 2F1(a, b, c; z) is the hypergeometric function. Notice that
lim
k1,k2→0
X = Yda , lim
k2,da2→0
X = Yda1+ 32k1 , limk1,da1→0X =
Yda2+3k2
Y3k2
, (3.21)
and thus (3.19) is consistent with the results (3.4), (3.16) and (3.17).
Besides the case of (3.13), there are some other cases in which Ωeff can be calculated.
For example, the norm function,
Nˆ (V) = α(V1)3 + β(V1)2V2, (3.22)
where α and β are arbitrary real constants, reduces to the form of (3.13) by the field
redefinition,
V˜1 = V1, V˜2 = αV1 + βV2. (3.23)
Thus, Ωeff can be obtained by replacing (T
1, T 2) with (T 1, αT 1 + βT 2) in the above ex-
pressions.
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4 One-loop Ka¨hler potential
In this section, we discuss the one-loop contribution to Ωeff . We consider the case of flat
spacetime, in which the tree-level Ka¨hler potential has the no-scale structure. The one-
loop correction breaks such structure, and generate the potential for the moduli, which
is necessary for the moduli stabilization. Here we will focus on this property and neglect
terms involving the bulk matter multipltets in Ω1loopeff . Such terms only provide subleading
corrections to the counterparts in the tree-level Ka¨hler potential.
4.1 General expression
We have derived the one-loop contribution to Ωeff for arbitrary forms of the norm function
in Ref. [21]. The result is 8
Ω1loopeff =
1
8π2Nˆ 2/3
[
(nV + 1)Z(0)−
∑
a
naZ (da · ReT )
+
∫ ∞
0
dλ
∑
F=U,V,ch
gFλ ln
GF (λ)
H(L)F (λ)H(0)F (λ)
]
+O(Q2), (4.1)
where na denotes the dimension of the gauge-group representation that Qa belongs to,
(gU , gV , gch) = (−2,−1, 12), the functions GF and H(y∗)F are listed in Appendix B, and
Z(x) ≡ −
∫ ∞
0
dλ λ ln
(
2e−
√
λ2+x2 sinh
√
λ2 + x2
)
. (4.2)
The brane-to-brane loop effects are contained in the second line of (4.1), and F = U, V, ch
denote the contributions of the loops of the gravitational, vector and chiral multiplets,
respectively. The function Z(x) is an even function that has a maximum value Z(0) =
ζ(3)/4 ≃ 0.30 at x = 0 and exponentially decreases as |x| increases. In fact, it is negligible
when |x| >∼ 3. In the case that |da · ReT | ≫ 1, the wave function for Qa strongly localized
toward one of the boundaries. So only the zero-modes that spread over the bulk contribute
to the first line in (4.1).
The above expression is consistent with the results in Refs [34, 35, 36]. To see this,
let us consider a simple case that there are no non-geometric moduli (nVo = 1), no bulk
8 If we calculate Ω1loopeff on an interval 0 ≤ y ≤ L, we have divergent terms proportional to (da ·ReT )3.
Such terms are canceled for theories on S1/Z2 with the contribution for −L ≤ y ≤ 0 because they are
Z2-odd.
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masses for the hypermultiplets (da = 0), no gauge kinetic terms nor superpotentials at the
boundaries (f (y∗) = W (y∗) = 0), and Ω(y∗) only depend on the localized chiral multiplets qy∗ .
Then (4.1) becomes
Ω1loopeff =
1
8π2(ReTrad)2
[
(nVe − nH + 2)
ζ(3)
4
−
∫ ∞
0
dλ 2λ ln
GU (λ)
H(L)U (λ)H(0)U (λ)
]
+O(Q2),
(4.3)
where nH ≡
∑
a na is the number of the physical hypermultiplets. The coefficient of the
bulk contribution (nVe−nH+2) is consistent with (4.7) of Ref. [34]. Now we further assume
that there are no bulk matter fields, i.e., nVe = nH = 0. Since∫ ∞
0
dλ λ ln
GU
H(L)U H(0)U
=
ζ(3)
4
+
∫ ∞
0
dλ λ ln
{
1− (1−
λΩ(0)
ReTrad
)(1− λΩ(L)
ReTrad
)
(1 + λΩ
(0)
ReTrad
)(1 + λΩ
(L)
ReTrad
)
e−2λ
}
, (4.4)
we have
Ω1loopeff = −
9
π2
∫ ∞
0
dx x ln
{
1− (1− 6xΩ
(0))(1− 6xΩ(L))
(1 + 6xΩ(0))(1 + 6xΩ(L))
e−12ReTradx
}
+O(Q2), (4.5)
where x ≡ λ
6ReTrad
. This agrees with (2.7) (or (6.32)) of Ref. [35] if we identify −6Ω(y∗) in
(4.5) with Ωy∗ in Ref. [35].
When Ω(0) and Ω(L) are small, Ω1loopeff can be expanded as
Ω1loopeff =
ζ(3)
16π2(ReTrad)2
{
1− 2Ω
(0) + Ω(L)
ReTrad
+ 3
(
Ω(0) + Ω(L)
ReTrad
)2}
+ · · · . (4.6)
We have used that∫ ∞
0
dλ λ2 (cothλ− 1) = 1
3
∫ ∞
0
dλ
λ3
sinh2 λ
= 2Z(0) = ζ(3)
2
. (4.7)
Eq.(4.6) agrees with the expression,
Ω1loopeff =
ζ(3)
16π2
(
ReTrad + Ω
(0) + Ω(L)
)−2
+ · · · , (4.8)
up to the quadratic order in Ω(y∗).
In the limit Ω(L) →∞, on the other hand, Ω1loopeff is expanded as
Ω1loopeff = −
3
64π2(ReTrad)2
{
1− 2 Ω
(0)
ReTrad
+ 3
(
Ω(0)
ReTrad
)2}
+ · · · . (4.9)
We have used that∫ ∞
0
dλ λ2 (tanhλ− 1) = −1
3
∫ ∞
0
dλ
λ3
cosh2 λ
= −3
8
ζ(3). (4.10)
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Eq.(4.9) agrees with the expression,
Ω1loopeff = −
3ζ(3)
64π2
(
ReTrad + Ω
(0)
)−2
+ · · · , (4.11)
up to the quadratic order in Ω(0).
The approximate expressions (4.8) and (4.11) coincide with (5.5) and (5.6) in Ref. [36],
respectively, if we assume that Ω(0) = Ω
(0)
0 − |q0|2 /6, where Ω(0)0 is a real constant.
4.2 LARGE Volume Scenario in 5D SUGRA
In order to illustrate an impact of the non-geometric moduli on the moduli stabilization, we
construct a simple model, in which the moduli are stabilized by Ω1loopeff and an exponentially
large extra dimension is dynamically realized.
4.2.1 Approximate no-scale structure
The moduli Ka¨hler potential is rewritten as
Ωeff = −3Nˆ 1/3 + (nV − n¯H + 1)ζ(3)
32π2Nˆ 2/3 + · · · , (4.12)
where the first and the second terms are the tree-level and the one-loop contributions
respectively, the ellipsis denotes terms involving the matter fields, and the effective number
of the hypermultiplets n¯H is defined as
n¯H ≡
∑
a
na
Z(da · ReT )
Z(0) ≤ nH . (4.13)
This counts the number of hypermultiplets that spread over the bulk.
Here we assume that Lphys = 〈Nˆ 1/2〉 ≫ 1. In this case, some moduli have very large
VEVs, which are collectively denoted as Tb. The other moduli are denoted as Ts. Then
the effective Ka¨hler potential K is expanded as
K = −3 ln
(
−Ωeff
3
)
= − ln Nˆ − ξNˆ +O
(
ξ2
Nˆ 2
)
, (4.14)
where
ξ ≡ (n¯H − nV − 1)ζ(3)
32π2
. (4.15)
This Ka¨hler potential satisfies the following approximate no-scale relation,
KIoK
IoJ¯oKJ¯o = 3 +
6ξ
Nˆ +
4ξIoReT
Io
Nˆ +
ξIoK
IoJ¯oξJ¯o
Nˆ 2 +O
(
ξ2
Nˆ 2
)
, (4.16)
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where KIoJ¯o is an inverse matrix of the Ka¨hler metric, and
ξIo ≡
∂ξ
∂T Io
=
∑
a
nadaIo(da ·ReT )
16π2
ln
(
1− e−2|da·ReT |) . (4.17)
Note that |da · ReT | ≫ 1 unless daTb is negligibly small or a nontrivial cancellation occurs.
Thus ξTb is exponentially small, and the ξ-dependent terms in (4.16) are all suppressed by
Nˆ−1. Namely the no-scale structure is broken only by the corrections of O(1/Nˆ ).
4.2.2 Moduli stabilization
Now we consider a specific model with two moduli multiplets (Vb,Σb) and (Vs,Σs), and
assume Nˆ as
Nˆ (V) = V3b − CsV3s , (4.18)
where the constant Cs is assumed to be positive and typically O(1).9 We further assume
that the gaugino condensation occurs in a non-Abelian sector r = G, in which CGTb = 0 and
CGTs = O(1) in (3.2). Then the following the effective superpotential W is induced.
W (T ) =W0 + Ae
−aTs , (4.19)
where the constants W0 and A are of O(1), and a = O(4π2). In this setup, we will show
that there is a vacuum where Re 〈Tb〉 ≫ Re 〈Ts〉 and Lphys becomes exponentially large.
Therefore, Tb is almost identified as the radion and Ts is the non-geometric modulus.
The scalar potential is calculated as
Vpot = e
K
(
DIWK
IJ¯DJ¯W¯ − 3 |W |2
)
=
1
Nˆ
{
2Nˆ (aA)2e−2aτs
3Csτs
(
1− δ
6
) + 4aτs
(
1 +
ǫ
3
+
δ
6
)
W0Ae
−aτs cos(aρs)
}
+
6ξW 20
Nˆ 2
{
1− 2Csτ
3
s
3ξ
(
ǫ− δ
4
)}
+ · · · , (4.20)
where DIW ≡WI +KIW , Ts ≡ τs + iρs, the ellipsis denotes higher order in ξ/Nˆ , and
ǫ ≡ ξ
′
Csτ 2s
, δ ≡ ξ
′′
Csτs
. (4.21)
9 The 5D SUGRA description is not valid in the region of the moduli space in which 〈Nˆ 〉 ≃ 0.
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Here the prime denotes the derivative with respective to τs. By solving the minimization
condition for Vpot, we find the vacuum at the leading order in the ξ/Nˆ -expansion as
〈τ 3b 〉 ≃ 〈Nˆ 〉 =
3ξW0e
a〈τs〉
a〈τs〉A
{
1− ǫ
3
(
1 +
2Csτ
3
s
ξ
)
− δ
6
(
1− Csτ
3
s
ξ
)}
,
〈τs〉 ≃
(
ξ
Cs
)1/3{
1− 2ǫ
3
(
1 +
Csτ
3
s
3ξ
)
− δ
6
(
1− Csτ
3
s
3ξ
)}
≡ τ (0)s ,
cos〈ρs〉 = −sign (W0A) , (4.22)
where Tb ≡ τb + iρb. Since ρb does not appear in Vpot, its VEV is not determined at this
order. We have assumed that
a〈τs〉 ∼ a
(
ξ
Cs
)1/3
≫ 1, (4.23)
which leads to an exponentially large Nˆ . Hence the condition for the validity of the above
analysis is (4.23). When the standard model particles live in the bulk, the number nH −
nV − 1 is around 40. Thus typical value of ξ is of O(0.1). In this case, (4.23) is satisfied
for a = O(4π2), and thus an exponentially large value of 〈Nˆ 〉 is obtained. For example,
Lphys = 〈Nˆ 1/2〉 becomes O(102), O(105) and O(108) for (ξ, Cs,W0/A, a) = (0.1, 1, 1, 4π2),
(0.1, 0.8, 1, 8π2) and (0.1, 0.2, 1, 8π2), respectively. Expanding the potential (4.20) around
the vacuum (4.22), we find that the moduli are non-tachyonic and have the following
masses.
mτb ≃
〈
12
√
6ξW0
Nˆ√aτs
{
1 +
Csτ
3
s
9ξ
(
ǫ+
11
4
δ − ζ
)
+
1
9
(−8ǫ+ 3δ + ζ)
}〉
,
mρb ≃ 0, mτs , mρs ≃
〈
4aτsW0√
Nˆ
{
1 +
ǫ
3
+
δ
12
}〉
, (4.24)
where ζ ≡ ξ′′′/Cs. Therefore (4.22) is a stable vacuum. It is a SUSY-breaking vacuum as
we will see below. The potential value at this vacuum is
Vmin ≃ −
〈
18ξW 20
(2aτs + 1)Nˆ 2
〉
. (4.25)
Thus we need an extra source of SUSY-breaking to cancel this negative vacuum energy.
Since |Vmin| is exponentially suppressed, the corrections to (4.22) and (4.24) by including
such extra SUSY-breaking are negligible.
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4.2.3 Soft SUSY-breaking masses
The gravitino mass is calculated as
m3/2 = 〈eK/2W 〉 ≃ W0√
〈Nˆ 〉
. (4.26)
The F-term of Tb is given by〈
F Tb
Tb + T¯b
〉
≃ −
〈
KTbT¯bDT¯bW¯ +K
TbT¯sDT¯sW¯
2τs
√
Nˆ
〉
≃ W0√
〈Nˆ 〉
≃ m3/2. (4.27)
The F-term of Ts vanishes at the leading order in the O(1/(a〈τs〉))-expansion. Thus we
need to evaluate 〈τs〉 including the next leading order. Then 〈τs〉 in (4.22) is modified as
〈τs〉 = τ (0)s +
3
2a2τ
(0)
s
{
1− ǫ
9
(
2 +
5Csτ
(0)3
s
ξ
)
+
δ
9
(
1 +
Csτ
(0)3
s
ξ
)}
. (4.28)
Here we used an assumption that 〈ǫ〉, 〈δ〉 ≪ 1, which is valid for typical values of the
parameters. Then we obtain
〈
F Ts
Ts + T¯s
〉
≃ −
〈
KTsT¯sWT¯s +K
Ts I¯KI¯W¯
2τs
√
Nˆ
〉
≃ m3/2
aτ
(0)
s
≪
〈
F Tb
Tb + T¯b
〉
. (4.29)
The F-term of the compensator φC is given by〈
F φC
φC
〉
=
1
3
〈
KIF
I
〉
+m3/2 ≃ O
(
m3/2
Nˆ 4/3
)
≪
〈
F Ts
Ts + T¯s
〉
, (4.30)
where the cancellation of the leading contributions is ensured by the approximate no-scale
structure of the Ka¨hler potential [37]. The F-terms of the other chiral superfields are
negligible. Therefore, the dominant source of SUSY breaking is the F-term of Tb.
Now let us consider the soft SUSY-breaking masses. Since the gauge coupling con-
stants gr (r = U(1)Y , SU(2)L, SU(3)c, · · · ) are determined by 1g2r = Re f
r
eff , where f
r
eff is
given in (3.2), CrTb must be zero or negligible. Otherwise gr become much smaller than the
observed values. Thus the gaugino masses Mr are evaluated as
Mr =
〈
F I∂I ln (Re f
r
eff)
〉 ≃ 〈 F Ts
Ts + T¯s
〉
≃ m3/2
aτ
(0)
s
. (4.31)
As for the matter multiplets, there are two possibilities, i.e., they are in the bulk or
localized on the boundaries. The soft scalar masses in each case are estimated as follows.
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Bulk matter
Since the Ka¨hler potential for the bulk matters are read off from (3.4) as
Ωmatter =
∑
a
2Nˆ 1/3Yda |Qa|2 + · · · , (4.32)
the SUSY-breaking scalar masses of Qa are calculated as
m2Qa = −
〈
F IF¯ J¯∂I∂J¯ ln
(
2Nˆ 1/3Yda
)〉
≃ m23/2
{
1− (da · Re 〈T 〉)2Y(da ·Re 〈T 〉)
}
, (4.33)
where
Y(x) ≡ 1 + e
4x − 2e2x(1 + 2x2)
(1− e2x)2x2 , (4.34)
is monotonically decreasing function of |x| and Y(0) = 1/3. Since limx→∞ x2Y(x) =
1, these masses become much smaller than m3/2 when the wave function for Qa is
strongly localized toward one of the boundaries, i.e., |da · Re 〈T 〉| ≫ 1.
Brane matter
The brane matter does not couple with the moduli at tree level. Thus we need to take
into account the one-loop contributions in order to estimate the soft SUSY-breaking
masses for them. From (4.1) with (B.1) and (B.2), we obtain
Ωeff =
(
Ω(0) + Ω(L)
)− ζ(3)
8π2Nˆ
(
Ω(0) + Ω(L)
)
+ · · · , (4.35)
where the ellipsis denotes terms independent of the brane-localized fields or higher
order terms in the Nˆ−1-expansion. The first term is the tree-level contribution. We
have used (4.7) to obtain the second term. As an example, we consider a case that
Ω(0) = Ω
(0)
0 + hq |q0|2 , Ω(L) = 0, (4.36)
where Ω
(0)
0 and hq are constants. Then the soft mass for q0 is computed as
m2q = −
〈
F IF¯ J¯∂I∂J¯ ln
{
hq
(
1− ζ(3)
8π2Nˆ
)}〉
≃ 3ζ(3)
2π2〈Nˆ 〉m
2
3/2, (4.37)
which is much smaller than the soft masses for the bulk matters.
The mass scales of this model in the unit of MPl are summarized in Table II. We have
assumed that W0 = O(1) there.
Note that the above spectrum is basically that of the Scherk-Schwarz SUSY-
breaking [38] because the dominant SUSY-breaking source is provided by the F term of the
radion superfield Trad ≃ Tb [15, 39]. In our model, an exponentially large extra dimension
is dynamically realized with the aid of the non-geometric moduli Ts.
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MPl mτs mρs mKK m3/2
1 O
(
lnLphys
Lphys
)
O
(
lnLphys
Lphys
)
O
(
1
Lphys
)
O
(
1
Lphys
)
mQa Mr mτb mq mρb
<∼ O
(
1
Lphys
)
O
(
1
Lphys lnLphys
)
O
(
1
L2phys
)
O
(
1
L2phys
)
≃ 0
Table II: The orders of magnitude of the mass eigenvalues in the unit of MPl. The size of
the extra dimension Lphys is exponentially large in our model.
4.2.4 Comparison with LARGE volume scenario in string theory
Finally let us compare the LARGE volume scenario in type IIB string theory [24, 25]. In
this scenario, the Ka¨hler potential for the Ka¨hler moduli has a structure,
K = −2 ln
(
VCY +
ξ
2
)
+ · · · , (4.38)
where VCY is the volume of 6-dimensional compact space M in the string frame, ξ =
−χ(M)ζ(3)
2(2pi)3
= 0.48 (χ is the Euler number). The ellipsis denotes terms dependent on the
other moduli. On the other hand, the moduli Ka¨hler potential in our model (4.14) can be
rewritten as
K = −3 ln
(
Nˆ 1/3 + ξ
3Nˆ 2/3
)
+O
(
ξ2
Nˆ 2
)
. (4.39)
In both (4.38) and (4.39), the Ka¨hler potential has the no-scale structure at the leading
order,10 and the subleading term proportional to ξ breaks it. However, the origin of ξ
is different in the two cases. In (4.38), it comes from the α′-correction, that is a stringy
effect. In (4.39), it is induced by the one-loop correction and thus obtained within the field
theory. Besides, ξ in (4.38) is a constant while it depends on the moduli in (4.39).
The mass spectrum in Ref. [24, 25] is
mKK = O
(
1
〈V 2/3CY 〉
)
, mτs , mρs = O
(
ln〈VCY〉
〈VCY〉
)
,
m3/2, mS, mφ = O
(
1
〈VCY〉
)
, mτb = O
(
1
〈V 3/2CY 〉
)
, mρb ≃ 0. (4.40)
The moduli τb and τs correspond to a large and a small cycles in a ‘Swiss-cheese’ structure
of the Calabi-Yau manifold. The moduli ρb and ρs are their axionic partners. The other
10 For the explicit moduli-dependence of VCY, see (6) and (7) in Ref. [25].
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moduli S and φ are the dilaton-axion and the complex structure moduli respectively.
Comparing our spectrum in Table II with (4.40), we find that the nongeometric moduli τs
and ρs are heavier than the KK mass scale mKK = π/〈Nˆ 1/2〉 in contrast to (4.40). Thus the
expressions of their masses in our analysis are valid only when W0 < O(1/a〈τs〉), although
our mechanism that realizes a large extra dimension still works even if W0 = O(1).
5 Summary
We discussed the impacts of the non-geometric moduli on 4D effective theory of 5D SUGRA
on S1/Z2. Such moduli often exist when we construct models based on generic 5D SUGRA.
At tree level, additional matter quartic terms are induced in the effective Ka¨hler po-
tential by integrating out the non-geometric moduli, and they can significantly affect the
flavor structure of the sfermions for the bulk matters, as we pointed out in Ref. [18]. In
the flat spacetime, the moduli Ka¨hler potential has the no-scale structure, and thus the
potential for the moduli is not generated. The warped geometries are obtained by gauging
an isometry on the hyperscalar manifold with the moduli multiplets VIo . This corresponds
to a case that the compensator multiplet is charged for VIo in our off-shell formulation.
Notice that such warped geometries generically deviate from the familiar Randall-Sundrum
spacetime in the multi moduli case because the VEVs of the non-geometric moduli also
contribute to the geometry. The Randall-Sundrum geometry is just a special limit in the
multi moduli case, which is realized when the isometry is gauged only by the graviphoton
(or radion) multiplet.
At one-loop level, the no-scale structure in the flat spacetime is broken. Thus the moduli
have a nontrivial potential, and can be stabilized. This is interpreted as the stabilization
by the Casimir effect [40, 41, 42]. The one-loop Ka¨hler potential in the multi moduli case
is calculated in our previous work [21], including generic form of the norm function and
the boundary-localized terms. We checked that this result is consistent with those of other
related works [34, 35, 36], which were obtained in a simple case, i.e., ungauged SUGRA
without the non-geometric moduli.
To illustrate the impact of the non-geometric moduli, we also construct a simple model,
in which the size of the extra dimension is stabilized at an exponentially larger value than
the Planck length. This dynamical realization of the large extra dimension is similar to the
LARGE volume scenario in string theory. In contrast to the latter, we should note that
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the correction to the no-scale structure, which is a key of this scenario, is obtained within
the field theory. Since the subleading corrections are suppressed by inverse powers of the
large extra dimension, the results obtained here is robust. This scenario works thanks
to the existence of the non-geometric moduli. The dominant source of SUSY breaking
is provided by the F term of the radion superfield so the spectrum is essentially that of
the Scherk-Schwarz SUSY breaking. Detailed phenomenological analysis of this model is
interesting, and we will leave it for a future publication.
In this paper, we focused on the case that the gauge groups for the moduli multiplets
are Abelian, for simplicity. When the moduli and gauge supermultiplets, VIo and VIe,
form a non-Abelian gauge multiplet, the spontaneous breaking of the gauge symmetry can
occur by the Hosotani mechanism [43] and the moduli will form gauge multiplets under
the unbroken gauge group. Thus we can discuss, for example, the gauge-Higgs unification
scenario at the grand unification scale [44, 45] after extending our formula (4.1) to the
non-Abelian case. This issue is also left for a future work.
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A Matrices constructed from the norm function
The vector sector is characterized by the norm function N (X) defined in (2.4). The
coefficients of the kinetic terms for the vector multiplets are given by [10]
aIJ ≡ − 1
2N
(
NIJ − NINJN
)
, (A.1)
where NI ≡ ∂N /∂XI and NIJ ≡ ∂2N /∂XI∂XJ . This matrix is positive definite for
physically sensible theories.
One combination of the vector multiplets is identified with the graviphoton superfield,
VG ≡
〈 NI
3N 2/3
〉
V I . (A.2)
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This is essentially auxiliary degree of freedom in our superfield formalism. Thus we define
the following projection operator PV that eliminate VG from the nV vector superfields [10].
(PV )IJ(X) ≡ δIJ −
XINJ
3N . (A.3)
This satisfies
NI(PV )IJ = (PV )IJXJ = 0, P2V = PV . (A.4)
For the norm function (3.13), for example, the matrices (A.1) and (A.3) become
a(X) =
(
1
(X1)2
0
0 1
2(X2)2
)
, PV (X) = 1
3
(
1 −X1
X2
−2X2
X1
2
)
. (A.5)
Thus,
PV a−1 = 1
3
(
(X1)2 −2X1X2
−2X1X2 4(X2)2
)
. (A.6)
B Functions for Ω
1loop
eff
The functions in (4.1) are defined in terms of the quantities in L(y∗)bd in (2.7) as
GU(λ) = 1 + N
2/3
λ2Ω(L)Ω(0)
+
N 1/3
λ
(
1
Ω(L)
+
1
Ω(0)
)
cothλ,
GV (λ) = det
{
1nVe +
N 2/3
λ2
H
(L)−1
V H
(0)−1
V +
N 1/3
λ
(
H
(L)−1
V +H
(0)−1
V
)
cothλ
}
,
Gch(λ) = det
{
2e−
TR
2
−λ sinhωT +
2N 2/3
λ2
H
(L)−1
ch e
TR
2
−λ sinhωTH
(0)−1
ch
+
2N 1/3
λ2
H
(L)−1
ch e
TR
2
−λ
(
ωT coshωT − TR
2
sinhωT
)
+
2N 1/3
λ2
e−
TR
2
−λ
(
ωT coshωT +
TR
2
sinhωT
)
H
(0)−1
ch
}
×
{
det
(
2e−
TR
2
−λ sinhωT
)}−1
, (B.1)
and
H(y∗)U (λ) ≡ 1 +
N 1/3
λΩ(y∗)
, H(y∗)V (λ) ≡ det
(
1+
N 1/3
λ
H
(y∗)−1
V
)
,
H(0)ch (λ) ≡ det
{
1+
N 1/3
λ2
(
ωT +
TR
2
)
H
(0)−1
ch
}
,
H(L)ch (λ) ≡ det
{
1+
N 1/3
λ2
H
(L)−1
ch e
TR
(
ωT − TR
2
)}
. (B.2)
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Here the matrices H
(y∗)
V , H
(y∗)
ch , TR and ωT are defined as
(
H
(y∗)
V
)Ie
Je
≡ aIeKe
(
Re f
(y∗)
KeJe
N 2/3 −
2Ω
(y∗)
KeJe
3λ2
)
,
(
H
(y∗)
ch
)
AB
≡ 1
2
(
Ω
(y∗)
A¯B
+
iN 1/3
λ
W
(y∗)
AB
)
,
TR ≡
⊕
a
(−2da · ReT ⊗ 1na) , ωT ≡
(
λ2 +
T 2R
4
)1/2
, (B.3)
where indices A,B = 1, · · · , nH run over all the physical hypermultiplets, and the suffixes of
Ω(y∗), f (y∗) and W (y∗) denote the derivatives with respect to the corresponding superfields.
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